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Abstract.  We present a short, new, self-contained proof of localization
properties of multi-dimensional continuum random Schrddinger operators in the
fluctuation boundary regime. Our method is based on the recent extension of the
fractional moment method to continuum models in [2] but does not require the
random potential to satisfy a covering condition. Applications to random surface
potentials and potentials with random displacements are included.

1 Introduction

1.1 Motivation. We are concerned here with proving localization pro-
perties of multi-dimensional continuum random Schrddinger operators in the
fluctuation boundary regime. Such results were first found via the method of
multiscale analysis, which had been developed in the 80s to handle lattice models
and was later extended to the continuum (for a rather complete history and list
of references on multiscale analysis, see [31] and, for some of the more recent
developments, [13]).

Later, the fractional moment method was developed [3] as an alternative ap-
proach to the same problem, also initially for lattice models. It leads to a stronger
form of dynamical localization than multiscale analysis (see [1, 4]) and has pro-
vided much shorter and more transparent proofs in the lattice case, for example
[14]. It was recently shown in [2] that all the main features of the fractional moment
approach also apply to continuum random Schrédinger operators. This extension
required substantial new input from operator theory and harmonic analysis. The
paper [2] provides a framework of necessary and sufficient criteria for localization
in terms of fractional moment bounds, which can be verified for a rather broad
range of regimes.

One of our goals here is to complement the general framework from [2] by
focusing exclusively on presenting a short and self-contained proof of localization
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properties via fractional moments for one specific regime, where the technical effort
remains minimal. For this, we pick a fairly general setting we label the fluctuation
boundary regime. This is described by a random Schr6dinger operator of Ander-
son-type in L?(R?), where our approach allows for quite arbitrary background
potentials and geometries of the random impurities, provided the ground state
energy is induced by rare events (fluctuations) and therefore sensitive to changes
in the random parameters. The goal is to prove localization in the vicinity of the
bottom of the spectrum. Of course, various versions of the fluctuation boundary
regime have been studied in many works, and we borrowed the term from [28].

Another motivation for our work is that we want to extend the fractional moment
method to situations in which the random potential does not satisfy a covering
condition, i.e., where the individual impurity potentials have small supports which
do not cover all of R?. This condition, which was required for the technical
approach to the continuum found in [2], is not natural in the fluctuation boundary
regime and should not be needed there, as has already been verified via multiscale
analysis. Particularly interesting examples are random surface potentials which act
in a small portion of space only. Nevertheless, they lead to a fluctuation boundary
by creating new “surface spectrum” below the “bulk spectrum”.

In our main result, Theorem 1 below, the fluctuation boundary regime is de-
scribed in the form of an abstract condition. For random surface potentials, which
are discussed as an application, this condition follows in an appropriate setting
from a result proven in [25] in order to derive Lifshitz tails. Another application
concerns models with additional random displacements as were originally studied
in [10].

Let us confess that we require absolutely continuous distribution of random
couplings. While it might be possible to relax this to Hélder continuous distribution
(as has been done in the lattice case, e.g., [4]), the fractional moment method is
so far less flexible in that respect than the multiscale technique. In particular, see
the variant of multiscale analysis adapted to Bernoulli-Anderson models recently
developed in [6] and applications of similar ideas to Poisson models in [11, 12].

1.2 Results. Letusnow describe our results in more detail after introducing
some notation. On R? we often consider the supremum norm |z| := max;—;__4|;|
and write

M) i={y e R s o -yl < 5}

for the d-dimensional cube with sidelength r centered at . For an open set
G C R?Y, we denote the restriction of the Schrodinger operator H to L%(G) with
Dirichlet boundary conditions by H%. In our results, we assume d < 3 and
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rely upon the following assumptions, which guarantee self-adjointness and lower
semi-boundedness of all the Schrddinger operators appearing in this paper.

(A1) The background potential Vo € Lf, . .i«(R?) is real-valued, Hy := —A + V4.

(A2) The set Z C R?, where the random impurities are located, is uniformly
discrete, i.e., inf{la — | :a # €I} =:rz > 0.

(A3) Therandom couplingsn,,a € Z, are independent random variables supported
in [0, max] for some 7, > 0 and with absolutely continuous distribution of
bounded density p, with a uniform bound sup,, ||pallcc =: M, < 0.

The single site potentials U, a € Z, satisfy

CUX A, (0) < Ua < CuXapy, (a)

for all @ with ¢y, Cy, ry, Ry > 0 independent of .
Vo(z) = Z Na (W)Ua(z)
a€ET
and

H := H(w) := Hy 4V, in L*(R%).

The most important condition expresses the fact that the ground state energy comes
from those realizations of the potential that vanish on large sets.

(A4) Let Eq :=inf o(Hp) < info(H (w)) and let
Hp := Hp + max Z Ua,
a€l

the subscript F' standing for full coupling.
Assume that Ey is a fluctuation boundary in the sense that

(1) Ep :=info(Hp) > Ey, and
(ii) there exist m € (0,2) and L* such that for mg4 :=42-d, all L > L* and
x € 74,

P(o(H* ™ (W) N [Eo, Eo + L™ #0) < L™ ™.

By x. we denote the characteristic function of the unit cube centered at z. In the
following, it is understood that x, (H% — E —ig) 'y, = 0if A1 (z) NG or A1 (y) NG
have measure zero.
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Our main result is

Theorem 1. Let d < 3 and assume (Al)—(A4). Then there exist 6 > 0,
0<s<1,u>0andC < o such that for I := [Ey, Eg + 6], all open sets G C R?
and z,y € R?,

(D sup  E(|lxe(H = E—ie) 'x,[I°) < Celvl,
Eecl, >0
Exponential decay of fractional moments of the resolvent as described by (1)
implies spectral and dynamical localization in the following sense.

Theorem 2. Letd < 3, assume (A1)—(A4) and let I be given as in Theorem 1.
Then the following hold.

(a) For all open sets G C RY, the spectrum of HY in I is almost surely pure point
with exponentially decaying eigenfunctions.

(b) There exist p > 0 and C < oo such that for all z,y € R? and open G C R,
@ E (supllx2g(H®) Py (HO)x,|I) < Ce#l=),

where the supremum is taken over all Borel measurable functions g which satisfy
\g| < 1 pointwise and Pr(H®) is the spectral projection for H onto I.

Dynamical localization should be considered as the special case g(\) = e®* in

(b), with the supremum taken overt € R.

The proof of Theorem 1 is given in Section 2. This is done via a self-contained
presentation of a new version of the continuum fractional moment method. While
we use many of the same ideas as [2], because of the lack of a covering condition,
we can no longer rely on the concept of “averaging over local environments,”
heavily exploited in [2]. It is interesting to note that, in some sense, we use
instead a global averaging procedure. Technically, this actually leads to some
simplifications compared to the method in [2], as repeated commutator arguments
can be replaced by simpler iterated resolvent identities. We also mention that
exponential decay in (1) follows from smallness of the fractional moments at a
suitable initial length scale (the localization length), via an abstract contraction
property.

As technical tools we need Combes—Thomas bounds (in operator norm as well
as in Hilbert-Schmidt norm) and a weak-L!-type bound for the boundary values of
resolvents of maximally dissipative operators, which is based on results from [27]
and was also central to the argument in [2]. We collect these tools in an Appendix.
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That Theorem 2 follows from Theorem 1 was essentially shown in [2], Section 2.
In Section 3 below, we briefly discuss the changes which arise due to our somewhat
different set-up. In particular, the argument in [2] for proving (2) uses the covering
condition

3) 0<C1<Y Ua<Ch<oo

on one occasion; however, this is easily circumvented.

In Sections 4 and 5, we apply our main result to concrete models by verifying
assumption (A4) for these models. In Section 4, we consider Anderson-type
random potentials supported in the vicinity of a lower-dimensional surface. The
“usual” fully stationary Anderson model is considered in Section 5. The fact
that we do not have to assume a covering condition leads to high flexibility in
the geometry of the random scatterers. We could use this to go for far-reaching
generalizations of Anderson models. Instead, we restrict ourselves to the treatment
of additional random displacements, as was done in [10].

1.3 Remarks. We could have extended Theorem 1 in at least two different
ways but have refrained from doing so to keep the proofs as transparent as possible.

(1) The restriction to d < 3 is not necessary. We use it because in this case the
abstract fractional moment bound in Corollary 17 is more directly applicable
to our proof of Theorem 1 than in higher dimensions. (Technically, this can be
traced back to the fact that x,(—A + 1)~! is a Hilbert-Schmidt operator only
ford < 3.) Inhigher dimensions, more iterations of resolvent identities would
be needed to yield the Hilbert—Schmidt multipliers required by Corollary 17,
leading to more involved summations in the arguments of Section 2.

(i1) Instead of bounded U,, we could work with relatively A-bounded U,, i.e.,
allow for suitable L?-type singularities in the single site potentials. In the
course of our proofs, they could be “absorbed” into resolvents using standard
arguments from relative perturbation theory.

In principle, our arguments could also be used to prove localization at fluctuation
type band edges more general than the bottom of the spectrum without using a
covering condition as in [2]. But this would require being much more specific
with settings and assumptions and, in particular, with the geometry of the impurity
set. Inconvenience would also arise from having to work with boundary conditions
other than Dirichlet.
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We mention that the applications in Section 4 improve the results on contin-
uum random surface potentials of [7, 25], obtained through the use of multiscale
analysis.

(1) The exponentially decaying correlations of the time evolution, shown as a
special case of Theorem 2(b), are stronger than the dynamical bounds which
follow from multiscale analysis.

(i1) By using of the recent result of [25] on Lifshitz tails for surface potentials,
we do not need a condition on the smallness of the distribution of the 7, near
the minimum of their support as in [7], an advance that had been achieved in
[25].

(ii1) We can allow for more flexibility concerning the geometry of the scatterers.

Of course, the use of fractional moments precludes including single site mea-
sures as singular as those considered in [7, 25]; instead, we have to assume absolute
continuity of the 7,,.

2 Localization near fluctuation boundaries

This section is entirely devoted to the proof of Theorem 1. For a convenient
normalization, write

§a (W) = Nmax — Na (W)
for w = (Wa)acz = (Na(W))aez € N := [OanmaX]Ia

and denote the product measure &), .7 dnapa(na) on Q by P. We write

W(x) = Wa(z) =Y La(w)Ua(a).

a€l

Note that W, > 0 and that
H=Hw) =Hp - W,.
Fixing an open set G C R?, we write

RY =R = (HY - 2)",
RG = RG,: = (HIC’; - Z)il

whenever z = E +ie. Since HE > Hp by our choice of Dirichlet boundary
conditions and Er = inf o(Hr), we know that (—oc, Er) C p(HS).
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The resolvent equation yields
(4) RY = Rf + REWRF + REW RCW R,

an identity that will be used over and again. The other workhorse result is the
following averaging estimate, which follows from Corollary 17 in the Appendix
below, by taking into account the uniform boundedness of the densities p,,.

Lemma 3. Forall s € [0,1), there exists c(s) such that

[ apatua) [ dnaps ) INGUY(HE ~ B~ i) UL Ml
< ()| M [Ifis || Mz s

As a warm-up, we prove boundedness of fractional moments.

Lemma 4. Let Fy < Ep, I = [Eg, E1] and s € |0,1). Then
%) Sup{E ||x2 RS, ::Xyl|° | E € I,e > 0,7,y € R, G C R open} < .

Proof. We use (4) above and write, suppressing the superscript G and the
subscript z = E + ig,

XaBxy = Xe BrXy + Xa REW RpXxy + Xa ReEWRW Rpxy.

The first two terms on the r.h.s. of this equation obey an exponential bound by the
Combes—Thomas estimate (see Subsection A.1 below)

[ XaREXy|| < cemtoloyl
and

IXe REW REXy || < max D IXaREUL?| - |UY? R xy |
o€l

<C Z e~ Holz—alg—nola—yl < Ce~Hilz—yl
a€Z
with pg and p; = po/2 depending only on E;. In the last estimate, we have used
that 7 is uniformly discrete.
For the third term, expand W = ) £,U, and use the boundedness of the ¢,

and the fact that .
() <Xa

to estimate

IXe REWRWRpxy|I° < ¢ Y |Ixa RPUa RUsRixy |I°-
«a, BET
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We now fix «, f € 7 and use the workhorse Lemma 3 to conclude

/dnapa(na)/dnﬁpﬁ(nﬁ)||XzRFUaRUBRFXyHS

< e(8)Ix=RrUL 31U Rexyllfis

< ¢(s) - e~ sHole—al . g=suoly=F|
by the HS-norm Combes—Thomas bound from Proposition 15 and since
dist(z, supp U,) > |z — a| — Ry,

where Ry majorizes the size of the support of U, according to assumption (A3).
Here and in the following we use the convention that ¢, ¢(s), etc., denote
constants that only depend on non-crucial quantities and may change from line
to line. In particular, the constants are independent of ¢ > 0 and the random
background.
Summing up the last terms, we get the assertion. O

Remarks. (i) In this proof, it is still quite easy to see how to extend to arbitrary
dimension through iterations of the resolvent identity. It will be harder to keep
track of this later.

(i1) Note that because of the «, f-summations, averaging over the 7, is required
for all a, i.e., is global. In [2], on account of the covering condition, an argument
is provided that only requires averaging over local environments of = and y and
proves Lemma 4 for arbitrary finite intervals I = [E,, E1], i.e., without requiring
E, < Ep.

(i11) The above proof shows that (5) also holds in HS-norm, but this is not used
below.

We now start an iterative procedure that shows exponential decay of
E(||xzRxyll*) in |x — y| for energies sufficiently close to Eq. Clearly, it suffices to
consider x,y € Z“. In view of the preceding lemma, the quantity

Ta,y := SUP{E || X2 RS, icXy||* | E € I, e > 0and G C R? open}

is finite. Moreover, we should keep in mind the dependence on the interval
I = [Ey, E]. In fact, E; will later be chosen small enough.

In order to use the fact that F, appears rarely as an eigenvalue for boxes of
side length L, we exploit the resolvent identity and what is sometimes called the
Simon—Lieb inequality in a way visualized in Figure 1!
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Thus, by the Simon—Lieb inequality (e.g., [31, Sect. 2.5]), we have

X2 Rxyll < Cllx.RP"

zRCLXyH

- IXg BEXE N lIx

X1

(SLI)

where C only depends on supy,, |aez3l[V o and the interval 1.
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The basic idea for proving exponential decay of 7, is to establish a recurrence
inequality for energies sufficiently close to Ey. This recurrence inequality is
described in Proposition 6 below and allows us to apply a discrete Gronwall-
type argument, found in Lemma 7 below. To this end we exploit smallness of
fractional moments of the first factor on the r.h.s. of (SLI) for energies close to
Ey and sufficiently large, but fixed, L. This follows from (A4)(ii) as is presented
in Lemma 5 below. Fractional moments of the second factor are bounded by
Lemma 4 (up to a polynomial factor in L). Finally, we use the third factor to start
an iteration (with = replaced by sites z' covering the layer A4 g, 12 \ AL+r, ). By
construction, the first and third factor on the r.h.s. of (SLI) are probabilistically
independent. Unfortunately, the second factor introduces a correlation which
prevents us from simply factoring the expectation. We rely on a version of the
re-sampling procedure developed in [2] to solve this problem. Moreover, we do
not use Lemma 4, but instead apply Lemma 3 directly to bound certain conditional
expectations. This results in Proposition 6 below.

Lemma 5. Form as in (A4) and s € (0,1/3), there exists L* = L*(m, s) such
that for all L > L*, open B C Ar(z), E € I := [Eg,Eg + (1/2)L™™], ¢ > 0 and
u,v € Z% with |u — v| > L/4 we have

E(lxu(H" = E —ie)~"x[|*) < L=0/2ma,
where mg = 42 - d.
Proof. Divide 2 into the good and bad sets
Qgood 1= {w : dist(a(H?), Eo) > L™}, Qpaa =\ Qgood-

Since H? > H*2(*) by our choice of Dirichlet boundary conditions, (A4) implies
that
P(Qpaq) < L™ ™4,

We split the expectation into contributions from the good and bad sets. By the
improved Combes—Thomas bound (Subsection A.1) we get, for w € Qgo0d, £ € I,

||XuRg+iEXUHS < CLmse—CS\U—v\L*“/Q)m .

This gives a uniform bound of the same type for the expectation over 24404. For
the bad set, Holder with ¢ € (s, 1) gives

s/t —
E(IxuR B4 i X0 [ Xm) < (BUIXuRE4ix0[1))™ P(Qbaa) '~/
< (t)s/tL—(l—s/t)md.
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Now we choose ¢t = (1/2)(s + 1) so that 1 — s/t > 1/2 if s < 1/3. Putting things
together, we get

s ms_ —cs|lu—v|- L™ (/2™ —(1—s/t)m
E(lxuRE e Xo|1") < Cs) (e el e L7 oy pmtis/ima),

If L is large enough we can use (1/2)m < 1 and |u — v| > L/4 to see that the r.h.s.
is bounded as asserted. O

The exponential decay of the 7, , follows from the following result, whose
proof takes most of the present section.

Proposition 6. There exist L*, k > 0, ¢ > 0 and C > 0, all depending on
s,m, Ry, 1y, My, Eo, EF, imax, such that for L > L* and I = [Eg, Fy + L~(1/2)™]
the above defined 1., satisfy

(6) Toy < L2470 Z emcle=a'lHly=y'D/L 4 Ceclz—ul/L
I!’ylezd

Proof of Proposition 6. We now restrict to the energy interval I =
[Eo, Eg + 3L~ ™] assuming L is large enough to guarantee that I C [Eg, Ep).
Using (SLI) above and denoting

Tz,L = XIRBLXZ:
Se.r = X5 R9XT,
Qw,L,y = X;RCLXZJ:

we get
E(IXeREXylI*) < CE(| T2l l1*|Qa . I*)-

Note that ||T; r||* and ||Qq, 1 ,||° are stochastically independent. Unfortunately,
they are correlated via ||S, ||°.

Fix s € (0,1/3) to estimate E(||T;,z]|®). Using the preceding Lemma, we get
that

E(ITecl) < D EllxaRx:|I°)

2Z€ESUpp X

S CLd—l i L—%md’

for L large enough. We can now expand S, 1 to split off a uniformly bounded
(in w) term:
Sa.L = XL REXT + X[ REWRGEX] + X7 REWRCWREX] .

N~
Sl,L SQ,L




94 A. BOUTET DE MONVEL, S. NABOKO, P. STOLLMANN AND G. STOLZ

Since I C [Eq, EF), ||S1,.||? is uniformly bounded. Thus

E(lIxe RE4iexyI°) < C(EUITe,L]® - 1Qa,p.yll*) + %2)
) = C(E(IT:..]1") - E(|Qa.Lll") + Z2),

as ||T;.r||* and ||@4,1.4]|° are independent. Here

Sy 1= E(|To o lI*1 82,211 Q..0l).
Expanding xf, we see that for some ¢ > 0, the r.h.s. of (7) is bounded by
CLd-1-(1/2)ma Z e~ 2= L B(|lxa REE Xy |I°) + C Ea,
z'€dCL

whence

®) Tay < LI7(1/2Ma Z e~clz=a'l/L Ty y +C  sup  Xo.
2'€9CL Eel, >0
GCR*?

To estimate X5, we begin by expanding

TamL = XmRBL X1
9) = X2RE" X, + X2 RE"WRE" X, + X RE"WRBLWRE .

Since I has positive distance from o(Hr), we have the Combes—Thomas bound
Ce~#oL/2 for the norm of the first two terms on the r.h.s. of (9); see Appendix A.1.
Here C < oo and jp > 0 are uniform in the randomness, E € I, ¢ > 0 and z € Z“.
Expanding the third term and using boundedness of the £’s yields

Tl <Ol ® 4+ 3 Tpal),

BYEINAL 4Ry (2)

where Ts., = x.RE*UsRP*U,RE" 7, and the summation is over those /3, for
which the corresponding U-terms touch By.
A similar argument applied to @, 1., leads to

1Qu,pyll? < Cemrorslamvl=@E/) N7 i),

6’77’€IOA2+RU (I)

where we have chosen Qs = xF RSEU, RC* U RGE x,.
Finally, expand

S2,L = XZR%WRGWR%;XI = Z Sa,oz’a
o, €T
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where Sy, = xZRgfaUaRGEQf UazRngLr.
Combining all this, we get

E» < C<e”0'5'é S E|[Saalfe o (2 vl=5)

a,a’
— g8 L
+eotE S E(Saw |- 1Qs 1)
a,a By
+ 3 BTl [ Sa e ||P)emors (emv=%
a,a’ B,y

b BTl el a1,
a,a' 8,87,
The most complicated of these terms is the last one; it will be obvious how to
estimate the first three once we have established a bound for the last one according
to the assertion of Proposition 6. Thus we have to estimate

Y= Z Aa,a\8,8' 7.7

a,a’,3,8" v,

where
Aaar 8.8 v =E(TsA°  1Sa,all® - 1Qs (1) -

If not for the S, . -terms, the T3, and Qg would be independent, leading to
an estimate as in (8) above. We reinforce a certain kind of independence through
re-sampling. For fixed

J ={a,a',7,7'},
introduce new independent random variables Zj, Jj € J, independent of the ¢,
¢ € Z, and with the same distribution as the {;. Denote the corresponding space

by Q, the corresponding probability by P and the expectation with respect to P by
E. Consider

Hw,2) = Hw) + Y (&w) - §@)U;

JjET

vl

W
and observe that I does not depend on the ¢;, j € J. The resolvent identity for
RG = (HY — 2)~! gives

RY = RY + REWRC.
We insert this for T3, and g/ and get

Ts. = xo REFUsRP U, RE 7 + o REL U3 RPFW RP U, RBL

T,y T,y
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and, similarly,
QB’W’ = QBW’ + Qpr -

Now we can estimate

(10) Aaa 500 < BE [(ITsall" + 1Tl S0 I*(1Qs o 1* + 17 11)]

This gives a sum of four terms we have to control. We start with the easiest one
Ao 5.3 = BE[IT5411° 1800 [1°1 Qs 11°]-

Denote

E(X|a,a) = / dEapalta) / A por (Ear) X ()

for a random variable on Q x (), so that E(X|q, o) is nothing but the conditional
expectation with respect to the o-field generated by the family ({5 | 5 € Z\{«,a'}).
According to the usual rules for conditional expectations,

Al = BE [E(T5 )| Sa.or Qs I, ")

a,a’ 8,8 v,y

(11) = BE T35 1°11Qs 2 I E(ISaa [I!| @)

since the T and @ are independent of ¢, £, . Using the workhorse Lemma 3 and
the Combes—Thomas estimate Proposition 15, we get

S - T S 1/2 T S
E(|Sa.arl*lasa’) < ofs)Ixz REUS sl Vsl REXT Il

o(5) [25(0=) g=ma((L/2)= la=z|[+](L/2)=|a’ ~a )

IN

where the extra L25(¢~1) term comes from covering 0By, and 9C. We have
EE || TsAI°11Qs 1’| = ElITa4[°11Qs ~1I°] = E[IT54 I 1 E[[|Qs 1 [I°]

since the §A ’s have the same distribution as the £’s and the T’s and @)’s are indepen-
dent. Inserting into (11) gives

Al

a,a’,B3.8" v,

< ¢(s)L¥* @ Ve ms((L/2)—la=z|l+/(L/2)=|o'~zl) g (T4 P TE Qs I°] -

We treat the latter two terms separately.
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Step 1. Denoteby Z(y') = {y' € Z%: x, - U, # 0} those lattice points whose
1-cubes support U,.. By Combes—Thomas once again, we have

c
1Qs v |I° = lIx} RE* Uy R“ Us RGP X, ||°
<C Z Z X2 RS Xy ||se_“1s(‘””—m'\—%)e—uls\y—y’\_
' e€Z(Y') Yy e€Z(B)

By the assumption on the size of the support of U, we see that # Z(+') is uniformly
bounded. This together with the uniform discreteness of Z gives

Z E|Qs | <C Z e ms(le—a'[—(L/2) g=msly—y'l | "

By 2,y €74nCr,

Step 2. For the T3 ,-term, we have
|1 T511° = lIx= Rp" Us RP- U, R x 1 ||°
<C Z Z ”XngLXuHs”XuRBLXvHSHXngLXZHS-
uw€Z(B)NBr vEZ(y)NBL
If |lu — v] > (1/4)L, Lemma 5 gives
E(lIxuRP"x0]*) < € L7072,

On the other hand, if |u — v|] < (1/4)L, then dist(v,0Br) > (1/8)L or
lz — u| > (1/8)L, so that the uniform bound of Lemma 4 for E(||x,RZL x,||*)
together with the Combes—Thomas bound for ||x, RE* x7 ||* (resp., [|xzRE" Xull®)
gives

E (I RE xull* Ixa RPE X0 IP o RE X7 |I) < Cem (/Dkosk

< L~(1/2)ma

for L large enough. Combining, we again get for L sufficiently large,
Y E(ITs, %) < o2 0/2ma,
By
where the factor L2? arises through the number of terms considered.
Joining Step 1, Step 2 and the bound
Z e~ ris(I(T/2)=la—zl[+|(L/2)~|o"~2|]) < C(s)L*,
a,a!
we arrive at

1
Z Aa,a’,ﬁﬁ’mw’

a,a’ 8,87,
< O(s)L0a=/2ma N gmurs(emal= (/) g msly=y|

z',y' €ZINCL

Ta',y's
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which is a contribution to X3 (and therefore ¥ 5) bounded by one of the type asserted
in Proposition 6.

A look back at (10) shows that we still have to estimate three terms similar to
Al

ool 3.5~ » the last one of which,

AL o 5y =EE (1 Ts4]1°1Sa.ar I71Qs 117 ,

is the most complicated. Using Steps 1 and 2 above, as well as the steps below, it
will be clear how to treat the two remaining terms.

Step 3. We start by taking the conditional expectation
A 1 5.3yt = BE BT 110,011 @ ]2, 0!, 7, 7')
< BE[E(IT5 ]|, o, 7,7)"/?
X B([|Saar 1?0, s, 92 B(1Qpr 1P|, @', v, 7) 2

by Holder’s inequality. As above, the middle term can, up to CL**(?~1) be

estimated by
Ca.al = e_‘“SHa_x‘_%‘e_UISHOz,—x‘_% .
Recall that
J | ; 3 P , 3
||QB/77/||3 = ||XIR§LU,WRCL Z (g] _Ej)UjRCLUB'RgLXyH s
JET\{}
<O Y |G REUL ROU RO U RE x|,
JET\{}

where v can be excluded from the summation as U, doesn’t touch C,. Integration
over ¢; and ¢,/ gives a uniform bound by the workhorse Lemma 3:

E(1Qs 1] as 7, 7")
< Y E(IxfRGEU RO U; R Ug RGE Xy |7, o7, 7')
JET\{}
1/2 1/2 8
<0@s) Y INERSFUL | - 11U} RO Us RE™ xy I3
J€I\{7}

so that, as the sum has only three terms,

E(1Qs (%] 0’7, 1) /?
1/2 1/2 5

<0@s) Y INERSUN s 11U} RO Us RE* iy llss -

ZGJ\{V}

vl
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Similarly,

E(HTB77||38|Q7a/v'%,yl)l/g

<O(s)- Y IaREUSRP U} |liis - |UM2RE X Iiss -
1‘63\{7’}

J

~~

Xr

Now X7 and ¥ are independent, so

(12) Al

aal g,y < Ols )L2S (@0 EE[ET] EE[EQ] €a,al-

Since the ¢; and the EAJ have the same distribution, we can omit the hats in RC*
and RPz and replace E E by E in the bounds for ]EE[ET] and IAEE[EQ] to be derived
below.

Step 4. We start with the Q-term. Proposition 15 gives
||X RCLU |I5s < C L3 g—pas|[y' —z|—(L/2)]

This is used to deal with the term for j = +’ which appears in the sum over 7 \ {v};
since ||AB|lus < ||A] | B]|lus, we get

||XLRCLU ||Hs ||U ROLUﬁ’RgLXyHHS
< o @ Ve el == H 72 RO UE |1 - U2 R v, s

(13) < L1 Z e~ Flz—2'|—pisly—y lHXx'RCLXy'HS-
e'€Z(v')
y' €Z(p')
For the terms j = a and j = o' in the sum, we borrow from e, o above and use

that
&3, < € eleslE

ifj € {a,a'} and 2’ € Z(j):
2 INFREEUZ|1F - U2 RV Us RS2 X liss

(14) SCLS(d De—pslly' —2|-% Z e~ Tlr=l=masly=v'l||\ L ROy, |5
z'€2(j)
y'E€Z(B)

!

Summing each of the three contributions from (13) and (14) to e EQ over ',y

o, a’
(and extending the z'-sum in (14) to all of Z%) gives
(15) Y 2 BE[Sq] <o) N emtledlmsly L,

B\ €eL z',y' €24
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We now show that summation over «, o', 3,~ gives a small prefactor.

Step 5. We analyze
E(|[x. RE"UsRP=U}Iiis) < IIxaRE* US|l - E(IUY*RE= U 9).

If |8 — j| < (1/4)L, then either |x — 3| > (1/8)L or dist(j,0C) > (1/8)L. Since
ieI\{'}

either E(||x.RE*UsRP*U;*|Is), et/ or |UMV2RE X7 llfis

a,x

is bounded by L~(1/2)™ma; see Step 2 above. If, on the other hand |3 — j| > (1/4)L,
we can use Lemma 5 above to estimate

B0 BB < - 1/
Summing up these terms, we get
(16) S 2 RE[S] < OL1-0/Dma
B.vEL

since 3,y run through at most cL? different points of Z in By,. Also, by exponential
decay,

(17) S el2 <orrdn,

Putting the estimates from (15),(16),(17) together we arrive at

_5_1 _Clp—2'|— —
D Auaspy SOLMTTEN S et B,
a0’ 8.8 o yezd
which is the desired bound. To deal with the other terms appearingin A, o' 3,8/ ,v,+/»
we just combine the corresponding steps to control the 7" and ()-sums, respectively.
This concludes the proof of Proposition 6. O

For energies sufficiently close to Ey, we now complete the proof of exponen-
tial decay of 7,,,, and thus of Theorem 1, by applying a discrete Gronwall-type
argument to the recursion inequality established in Proposition 6.

For pu > 0, consider the weighted ¢>°-space

X = éoo(ZQd; e,u|m—?l|/2)’

ie., for ) = (Ygy),

[¢llx = sup e!l™ 912, 1.
z,y€EZ? '
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Lemma 7. The operator A defined by
(A)q, = Z e_u(u—m"-l-‘y_y")'(bm,’y,
zl’/yl
is bounded as an operator on X as well as an operator on > (7.2%) with

(18) [Allx <Cd)p"  and  ||Alle= < C(d)u>".

Proof of Lemma 7. The norm of A in X is the same as the norm of the
operator A in £>°(72?) with kernel

~ ’ 7 7 7
Agyary = etlr—yl/2g—n(lz—a'|+ly—y']) g—ulz'—v'|/2

Thus

||A||X = ||A||f°° = sup Z Axyx’y’

z,y z' .y

< Csup // da' dy'erlz—vl/2g—nllz—a’[+ly=y'D) g—nla’~y'|/2

z,Y

— C sup // ds dp et IB /215 +p—A) - ulp—s|/2
A

with the substitutions s =z — 2/, p=¢y' —z, A =y — z.
Bound the latter exponent through

7]
(sl +1Ip = A) +5lp — 5|
Iz Iz
= (n=5)Usl +1p— A+ Z(A = pl+Ip— s/ +|s])
Iz Iz
> L(jsl +Ip— A + ZIAL.

After cancellation, the integral factorizes and gives (18) for ||A]| x after scaling.
The bound for || A|| = is found more directly. O

This may be applied to the situation of Proposition 6 as it shows that for L
sufficiently large, the operator A with kernel

Agyary = L7207% e—clz—2'|+ly—=y'])/L
has norm less than one, both as an operator on X = ¢ (7% e¢*~¥//2L) and as an
operator on /> (Z>2?). Fix this L and choose § = L™, I = [Ey, Ey + 6] in Theorem 1

and the definition of 7, ,,.
The recursion inequality (6) now takes the form

(19) Tz,y < (AT)w,y + bac,y

with b, ,, := Ce~¢#=¥l/L_ The conclusion of the proof of Theorem 1 is now the
content of
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Lemma 8.
T = (Ts,y) € X.

Proof of Lemma 8. With y = ¢/L, define the diagonal operator
D = diag(et*=vI/?),

which is an isometry from X to ¢>°(Z2?). Let # = Dr and b = Db € £, Let
A =DAD . Then (19) implies that componentwise

(20) 7 < A% +b.

Since 7 = D~ !7 is bounded and A a bounded operator on ¢>°(Z?2%), we have that
7 eV :=(°(Z2% e rl2-vl/2) and A is a bounded operator on ¥ with non-negative
kernel. Thus we obtain from (20) that

Ang < Ant13 4 Anp

holds with finite components. Summation yields

N ~
< ANTIE 4y A,
n=0
and thus
N
r< AN 4 ZA"I)
n=0
forall N.

Now A: /> — (> is a contraction and 7 € ¢>°. Thus AN*'7 — 0 in /> and
componentwise. Also, A: X — X is a contraction and b € X. Thus ZnN:() A"h —
(I — A)~'b € X and componentwise as N — oo. We conclude that

r<(I-A)"'beX.

Lemma 8 is proved. O

3 On the proof of Theorem 2

That the localization properties stated in Theorem 2 follow from the fractional
moment bound for the resolvent established in Theorem 1 was demonstrated in
[2]. Here we want to comment on two minor changes in the argument which are
due to our somewhat different set-up.
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First we note that spectral and dynamical localization as established in parts
(a) and (b) of Theorem 2 hold for restrictions of H to arbitrary open domains G;
in particular, the exponential decay established in equation (2) holds with respect
to the standard distance |z — y| rather than the domain adapted distance dist ¢ (z,y)
used in [2]. Given that the corresponding bound (1) in Theorem 1 is true for
arbitrary G and in standard distance, this follows with exactly the same proof as
in Section 2 of [2] (with one exception discussed below). That the authors of
[2] chose to work with the domain adapted distance was in order to include more
general regimes, in which extended surface states might exist. This is not the case
in the regime considered here.

Second, let us provide a few details on how to eliminate the use of the covering
condition (3) from the proof of (2) provided in Section 2 of [2]. As done there,
one first considers bounded open A C R? and defines

Ya(Liz,y) = sup  |Ixaf(H)xyll.
fec.(n), |f1<1

If E,, and v, are the eigenvalues and corresponding eigenfunctions of H* and f is

as above, then f(H™) =Y p o/ f(Ep){(tn, - )b, readily implies

YA(];.T,:I/) < Z ||Xx'¢n|| ) ||Xy¢n||

n:E,€l

At this point, we modify the argument of [2] and write
Xyd)n = Xy(I—II{E - En)il(Hj/:\‘ - En)d)n
= xy(Hp — En) ' Wip,

= Z faXy(HII«} - En)ion/QZ}n-
a€l

As all E, € T have a uniform distance from inf o(H %), we get from Combes—
Thomas Proposition 14 that

IXy®all < C Y lIxy (Hp = En) U1 - [US >4l
< O3 et .
Inserting above yields

YA(I,QZIQ) S Cze_uo‘y_a‘Ql(l;waa)a

with Q1(L;z,0) =32, 5 o lIXa¥nll - ||Ucl/21/)n|| defined as in [2], where the bound
E(Q:(I;z,a)) < Ce~#tlz—el is established without any further references to the
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covering condition. Thus we conclude
(21) E(Ya(I;2,y)) < Ce #2lrvl,

The rest of the proof of Theorem 2, in particular the extension of (21) to infinite
volume and a supremum over arbitrary Borel functions, follows the argument in
[2] without change.

4 Localization for continuum random surface models

Random surface models have attracted quite some interest, with most of the
work dealing with the discrete case [9, 15, 17, 19, 18, 20, 21] and some with the
continuum case [16, 25, 7, 8], as we do here. Our aim in this section is to show
that, under suitable conditions, such surface models obey condition (A4) above.
To achieve it, we combine recent results from [25] with a technique from [30].

As usual, the background is assumed to be partially periodic.

(B1) Fix 1 < d; < d and write R? = R% x R%, 2 = (x1,25); assume that
W € L%Oc,unif(]Rd) is real-valued and periodic with respect to the first variable,
ie.,

%(l‘l + m,l‘g) = Vg($1,l‘2) form e Zdl.

Denote Hy := —A + Vj.

In order to state our second requirement, let us recall some facts from Bloch
theory. For more details, see [25]. For Vy, Hy as in (B1), we have a direct integral

decomposition
&
Hy = (27)~% hg d6,
Td1

where T% = R% /(277Z)% is the d;-dimensional torus and
he = —A + Vp in L2(Sy)

with #-periodic boundary conditions on the unit strip S; = A;(0) x R?2. We now
fix the assumption

(B2)
inf o(hg) < inf gess(ho)-

It is well-known that under (B2), we have

Ey :=info(Hy) = inf o(ho);
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and that there is a positive eigensolution ¢ of the distributional equation

Hovo = Eogto;

see [25, 24] and the references therein. Finally, our random perturbation is assumed
to satisfy the following condition.

(B3) ThesetZ C R? where the random impurities are located is uniformly discrete,
ie,inf{la—p|:a# B €I} =:rz > 0. Moreover, Z is dense near the surface
Rt x {0} in the sense that there exist R ,c; > 0 such that for L large enough
and z; € R%,

#[Iﬂ (AL(wl) X ARJ_(O))] > ClLdl.

We shall see that (B1)-(B3) ensure (A4) from Section 1. Of course, there might
be other ways to verify (A4) for surface-like potentials, so that Theorems 1 and 2
could, in principle, be used for other examples.

Theorem 9. Assume (B1)—(B3) and (A3). Then there exist § > 0,0 < s < 1,
p > 0andC < oc suchthat for I := [Eg, Eg+0), all open sets G C R? andz,y € R?,

(22) sup  E(|[xo(HY — B — i) ™'y, ||*) < Cetl==vl,
E€l, e>0

In particular, the following consequences hold.

(a) Thespectrumof H in I is almost surely pure point with exponentially decaying
eigenfunctions.

(b) There are i > 0 and C < oc such that for all x,y € 7.,

(23) E (supllx.e ™ Pi(H)x, ||} < Ce =,
teR

The rest of this section is devoted to deducing (A4) under the assumptions of
the Theorem. Let

Sy = Sp(z1) := Ap(z1) x R®

be the strip of side length L centered at 2; € R? perpendicular to the “surface”
R? x {0}. It suffices to prove

Proposition 10. For all v,& > 0 there exists L(v, &) such that for all odd
integers I > L(v,¢) and x, € 7.4,

(24) P{o(H5*@)) N [Ey, Eo + L] # 0} < L%,
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In fact, (A4)(ii) then follows, since HA2(*) > HS:(#1); and therefore
Ey < inf o(H* 1)) < inf o(HM(*)),

We actually prove the analogue of Proposition 10 with Dirichlet boundary
conditions replaced by suitable Robin boundary conditions that are defined using
the periodic ground state v/ introduced above. Assume, for later convenience, that

/ |1/J0(m)|2dm =1.
S1

We consider on Sy, L € 2N—1, Mezincescu boundary conditions, given as follows.

Let
1

x(x) = —mvnwo(w),

where V,, denotes the outer normal derivatives. The Mezincescu boundary condi-
tion can be thought of as the following requirement for functions ¢ in the domain
of HJ":

Vad(x) = —x(x)é(x) for z € OSy.
For the formal definition of H fL via quadratic forms and more background, see

Mezincescu’s original paper [26], as well as [24, 25]. In particular, we immediately
get the following important relations in the sense of the corresponding quadratic

forms:
s S
(25) H < H,
as well as
(26) S > @ HY,

k=1

whenever the strip Sy, is divided into disjoint strips S;, (yx) whose closures exhaust
the closure of Siy..

Proof of Proposition 10. By the form inequality (25) above, it remains to
prove the estimate for H fL.

Denoting the bottom eigenvalue of an operator H by E; (H) (caution: here our
notation differs from that in [24, 25], where the second eigenvalue is denoted by
E,(H)), we see that

o(HS")N[Eo, Eo+ L7 # 0 < E{(HJ") < Eo + L.
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Step 1. There exist b, K, 5 > 0 such that
27) P{E\(H{*) < Eq+bL *} <K -exp ¢ K - L™).

We use here the method from [30]. Denote H(t,w) := (Ho + ti)iL , and its first
eigenvalue by F (t,w). Since E(t,w) increases in ¢, the event in (27) implies that
E, (t,w) be small for all ¢ < 1, which in turn implies that F1 (0, w) must be small.
We infer from [25, Theorem 3.25] that the gap between the first two eigenvalues
satisfies
E5(0,w) — E1(0,w) > const. L2

As in [30, Lemma 2.3], this gives
(28) |Ey(t,w) — (Eg +t- Ej(0,w))| < KL?-t*for0<t <71-L72
Now assume that

Ey(H") < Eg +bL™>

for b > 0. From (28), we obtain
E1(0,w) < ¢(b)

with ¢(b) — 0 for b — 0.
On the other hand,

E1(0,w) = (Vutho,nvo,L),

where ) 1, is the normalized ground state of H Osi Now the boundary condition

of Hy % is defined so as to ensure that 1) is an eigenfunction; see the discussion in

[25]. Therefore, 1o 1, = L~%/24); and we get
E{(OM) = (Vw¢O7L ¢07L)
— 17 Y o) [ Valo)lin(o)da

a€Z St

21 S e [ e

aEIﬂSLfrU U

Since, by (B3), there are at least ¢ (L —ry)? elements of ZNSy,_,,, in R x Ap (0)
and

inf / 4o () > dz > 0,
Ay (21,22)

(:thitg)eRdl XARJ_(O)

we arrive at

(29) E{(0,w) > ¢ - ‘L Z Na (W),
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with ¢; > 0 and independent variables n, running through an index set Z; of
cardinality at least co L9'. If we now choose b > 0 so small that ¢(b) /c; < M, where
M is smaller than the mean of all the 5, ’s, we get

P{Ei(HJ*) < Eo +bL *} < P{cy - |I|Z”a ) < c(b)}

a€l |
< K -exp(—fo|Z.])
< K -exp(—BL™),

by a standard large deviation estimate; see [22] or [32, Theorem 1.4]. This finishes
the proof of Step 1.

Step 2. To deduce the desired bound from Step 1, we divide the strip S, into
disjoint strips Sy, (yx) whose closures exhaust the closure of S, and such that

L7 <b-1,2<42 L7, 1l € 2N+ 1;

this is possible for L large enough.
Their number n is at most const. L(}~7/2)41_ By (26), we know that

By (H") > min By (H*™),

1<k<n
so that
S Si, (yx) _
P{Ei(HJ") < Eo + L™} <1P{1r<nk12nE1(H ) < Eo+ L7}
<Z]P’{E Y < By 4+ 177
<n- K-exp(—ﬂlil)
< L8
provided L is large enough. O

Remarks. (1) In cases where the operator H is ergodic, a stronger bound than
(24) is provided in [25, Proposition 5.2]. The bound is in terms of the integrated
density of states, for which [25] establishes Lifshitz asymptotics. As we are only
interested in localization properties here, the bound (24) suffices and allows us to
handle the non-ergodic random potentials defined in (B3) and (A3).



LOCALIZATION NEAR FLUCTUATION BOUNDARIES 109

(2) We have established localization near the bottom of the spectrum for the
random surface models considered in this section. If d; = 1, one expects for
physical reasons that the entire spectrum of H below info(Hp) (see (A4)) is
localized. A corresponding result for lattice operators has been proved in [20]
(in situations where Hp is the discrete Laplacian and d, = 1). To show this for
continuum models remains an open problem.

5 Anderson models with displacement

By considering the special case di = d, the results of the previous section also
cover the “usual” Anderson models, sometimes also called alloy models. Note that
in this case, (B2) becomes trivial. Nevertheless, we state the assumptions and result
again for this case, principally in order to point out below that the bounds obtained
hold uniformly in the geometric parameters describing the random potential. This
is then applied to models with random displacements. We rely upon the following

assumptions.
(D1) Vp e L} (R?) is real-valued and periodic.

loc,unif

(D2) The set 7T C R?, where the random impurities are located, is uniformly
discrete, i.e., inf{la — | : @ # B8 € T} =: r¢ > 0 and uniformly dense, i.e.,
there exists Rz > 0 such that A, (z) N Z # § for every z € R?.

Theorem 11. Assume (D1), (D2) and (A3). Then thereexistd > 0,0 < s < 1,
p > 0andC < oc suchthat for I := [Ey, Eg+0), all open sets G C R? andz,y € R?,

(30) sup  E(|[xe(HY — E —ig) 'y, ||*) < Ce =Yl
Ecl,e>0

In particular, the following consequences hold.

(a) The spectrumof H in I is almost surely pure point with exponentially decaying
eigenfunctions.

(b) There are 1, > 0 and Cy < oo such that for all z,y € 7.4,
3D E(sup||xze*itHGPI(HG)XyH) < Cye Hile—yl,
teR

Here all the constants 0, s, C, u, Cv, u1 can be chosen to depend only on the potential
through the parameters Vo, Nmax, My, cu, Cu,ru, Ry, rz, R1.
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To this end, we first observe that (D1), (D2) and (A3) imply (A4) with constants
Er, m and L* depending only on the listed parameters.

Proposition 12. Assume (D1), (D2) and (A3). Then there exist

El = El(‘/(]:nmaxaMpacUaanrUaRU:rI:RI) > EO)
m = m(V[);nmaxaMpacU:CU:TU:RUaTIaRI) € (0,2)

and L* = L*(...) such that
(1) Er > Ex;

(2) formg:=42-d, all L > L* and x € 7.%:

P(o(HM " (W) N [Eo, Eo + L™ #0) < L™ ™.

Proof. Firstwe show that(D2)implies that there exist ¢z, C'7 and L7 depending
only on rz, Rz such that for all L > L7,

(32) cr- LV <#(TNnAL(z) <O LY
The upper bound follows from uniform discreteness:
#(INAL@)) - [Bryjsl < Apyral < (D)%

provided L > rz/2. For the lower bound, use uniform denseness. Divide A 1, (z)
into disjoint boxes of side length Rz. If L > 2Rz, there are at least (L/2R7)? of
them each of which contains at least one point from 7.

Now we can use the analysis of the preceding section. Since the relevant
quantities depend only on the indicated parameters, the assertions follow. O

With this uniform version of (A4) and the proofs provided in Sections 2 and 3,
we also get corresponding uniform versions of Theorems 1 and 2, i.e. Theorem 11.

As a specific application of the previous observation, we can start from an
Anderson model as above and additionally vary the set Z in a random way, as long
as 7z and Rz obey uniform upper and lower bounds. Instead of formulating the
most general result in this direction, we consider models that were introduced in
[10] and further studied in [33].

(D3) Let 7;, j € Z? be independent random couplings, defined on a probability
space () with distribution p; and U; as in (A3).
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(D4) Let z;, j € Z% be independent random vectors of length at most 1/3 in R?;
denote the corresponding probability space by Q.

Define

(33) H(w,&) = -A+Vo+ > nj(@U(-—j —z;(@)).
JEZD

Corollary 13. Assume (D1), (D3), (D4). Then for H(w,) as above, there
exist§ >0,0< s <1, u>0andC < oo such that for I .= [Eq, Eq + ], all open
sets G C R and x,y € RY,

(34) sup EE(||x.(HE — E —ie) ', |°) < Ce vl
Ecl,e>0

In particular, the following consequences hold.

(a) Thespectrumof H in I is almost surely pure point with exponentially decaying
eigenfunctions.

(b) There are i > 0 and C < oo such that for all x,y € 7.7,

- _
(35 EE(sup||xze " Pr(H)x,||) < Ce rle=vl.
teR

Proof. The corresponding inequality holds uniformly in & by what we proved
above. O

Note that in this last corollary, we have not assumed that the random perturba-
tions cover the whole space. In that respect, our result provides substantial progress
as compared to [10, 33].

Let us also mention the Poisson model, another prominent model in which the
points j + z;(@) in (33) are replaced by the points of a Poisson process. They are
neither uniformly discrete nor uniformly dense, and adjusting our method to this
case is not easy (if possible at all).

Appendix A. Some technical tools

Here we collect some technical background which was used in Section 2 above.
All of this is known. We either provide references or, for convenience, in some
cases sketch the proof.
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A.1 Combes—Thomas bounds. Proofs of the following improved
Combes—Thomas bound can be found in [5] (where it was first observed) and
[31]. We state it here under assumptions which are sufficient for our applications.
In particular, we assume d < 3, while the result holds in arbitrary dimension for a
suitably modified class of potentials. As above, for an open G C R¢, we denote by
H€ the restriction of —A + V to L?(G) with Dirichlet boundary conditions.

Proposition 14. Letd <3,V € Lfoc,unif(Rd) with sup, ||Vxa, (a)ll2 < M. Let

M > 1and R > 0. Then there exist c; = ¢1 (M, R) and ¢y = co(M, R) such that the
conditions

(1) G c R? open, A, B C G, dist(4,B) =: 6 > 0,
(i) (r,s) C p(HE)N (=R, R), E € (r,s) and n := dist(E, (r,5)¢) > 0,

imply the estimate

(36) sup [[xa(HE — E —ie)~lyp|| < SLe—cavs=rn'/?s.
eER n

Note that the results in [5] and [31] are stated for e = 0, but the proofs are easily
adjusted to show that the bounds are uniform in the additional imaginary part.

A.2 Combes—Thomas bounds in Hilbert—Schmidt norm. A conse-
quence of (36) is that ||x,(H'®) — E —ic)~'y,|| decays exponentially in |z — y|.
Due to the restriction to d < 3, this is also true in Hilbert—Schmidt norm.

Proposition 15. Ler d < 3, V € L i(R?), H = —A+V in L*(R*) and

I C (—oo,info(H)) be a compact interval. Then there exist C < oo and p > 0 such
that

(37) sup [xa(HE = B —ie)~'xyllns < Cem#1*7Y
Eel,e>0
GCRdOpen

forall x,y € R

Proof. We sketch the proof by combining several well-known facts. Let S,
denote the p-th Schatten class, i.e., the set of all bounded operators A such that
IA|l, := (tr|]AJ?)'/? < co. As d < 3, by Theorem B.9.3 of [29], we have

(38) Ixe(H — E)™'2||, < C1 < 00

for each p > 3 and E < info(H). The proof provided in [29] shows that C'; can
be chosen uniform in z € R? and E € I. In the sense of quadratic forms, one
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has H® > H for each open G C R?, i.e., ||(H — E)'/?(H% — E)~'/?|| < 1 for all
E < info(H); see, e.g., Section VI.2 of [23]. Thus

e (HE = B)™2, < lIxa (H = BY ||, II( - B)'/>(HE — B)='/7)|
(39) < () < .

The Holder property of Schatten classes implies that

(40) IXe(HY = B)"'xyllpys < CF

uniformly in z,y € R?, E € I and G C R? open. From the resolvent identity
Xo(HE — E —ie)"'xy = xa(HY — BE)™'xy + iexo(HY — E — i)™ (HY — E) "'y,
we easily see that

(41) Ixa(H = B i)~ xyllp2 < C2 < 00

also holds uniformly in the additional parameter e € R. By Proposition 14, we also
have C's < oo and p; > 0 such that

(42) P (H = E —ie) "' xy|| < Cge™tl=74),

uniform in G, E € I and e € R. As we may choose p/2 € (3/2,2), (37) follows
from (41) and (42) by interpolation, more precisely from the factthat || - || ys = || - ||2
and [[A][3 = tr |A? = tr(|AJP/2|AP=7/2) < [[A2=P/2][ 472, O

A.3 A fractional-momentbound. Thenextresultanditsproofare found
in [2], where it played a central role in the extension of the fractional-moment
method to Anderson-type random Schrodinger operators in the continuum.

Recall that an operator A is called dissipative if Im(Ap, ) > 0 forall ¢ € D(A).
It is called maximally dissipative if it has no proper dissipative extension. Below
we also use the notation | - | for Lebesgue measure in R?.

Proposition 16. There exists a universal constant C' < oo such that for every
separable Hilbert space H, every maximally dissipative operator A in H with
strictly positive imaginary part (i.e., Tm{Agp, ) > 6||¢||? for some § > 0 and all
¢ € D(A)), for arbitrary Hilbert—Schmidt operators My, My in H, for arbitrary
bounded non-negative operators Uy, Uy in H, and for all t > 0,

43) [{(vr,v2) € 0,117+ MUY (A = 01Uy — 0s0) " U, > Ma|lus > t}]
< C|| M|l Malus - 1/t.
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The weak-L;-type bound yields a fractional moment bound.

Corollary 17. Let s € (0,1). Then for the constant C' and operators A, My,
My, Uy, Us as in Proposition 16,

1 1
(44) / dvl/ dv2||M1U11/2(A_U1U1_'UQUQ)_lUQl/QMQHiS_IS
0 0
s

<
—1-—s

([ M [f1s || Mo [fis -

This follows with layer-cake integration, which gives for the 1.h.s. of (44)

1 1 o)
/ d’l}l/ d’UQHHS < / ‘{(1)1,1)2) € [0,1]2 : |||| > tl/s}|dt.
0 0 0

The integrand is bounded by the minimum of 1 and a bound following from (43).
Splitting the integral accordingly leads to (44).

Remarks. (1) Theuse ofthe interval [0, 1] as support of v, vy in Proposition 16
and Corollary 17 is not essential. By shifting and scaling, it can be replaced by an
arbitrary compact interval K, with constants becoming K -dependent.

(2) In our applications, maximally dissipative operators arise in the form A =
—(S — E — ie) for self-adjoint operators S, with € > 0 providing a strictly positive
imaginary part.

(3) Note that, as seen from the argument in [2], a bound like (44) also holds in
the “diagonal” case, i.e., for fol dv [|[MUY?(A —oU)" U2 M |-
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